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ERRATA

The authors wish to add this information to NOAA Technical Memorandum
ERL GLERL-41, Documentation of SED--4Sediment/Water Columm Contaminant
Model , August 1982, by Gregory A. Lang and Steven C. Chapra.

The FORTRAN program listed in Appendix B was written for a CDC Cyber
750 FORTRAN Extended Version 4.8 compiler. Successful application of this
code to other compilers is not guaranteed.

In addition, the authors wish to reference the two software packages
used in the program. The first package 1is the IMSL Library, Edition 9. It
is a product of International Mathematical and Statistical Libraries,
Incorporated, NBC Building, 7500 Bellaire Blvd., louston, Texas. The
subroutine Z3YSTM, called on page 41, Appendix B, was used from this package
to simultaneously solve a set of non—linear equations. ZSYSTM has sub-
sequently been replaced in the IMSL Library by the subroutine ZSPOW. The
second software package is the DISSPLA version 8.2 software system. It is a
product of the Integrated Software Systems Corporation (ISS5C0O), 4186
Sorrento Valley Blvd., San Diego, California. The subroutines called on
pages 46 and 47, Appendix B, (excluding the subroutine RMAX) are all part of

DISSPLA and were used to generate the plots in figures 4 and 5.
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DOCUMENTATION OF SED——

A SEDIMENT/WATER COLUMN CONTAMINANT MODEL¥*
Gregory A. Lang and S5teven C. Chapra

Presented is documentation of a mathematical model devel-
oped to simulate the contaminant level in the sediments and
overlying water column of a well-mixed lake. The contaminant
is segmented into three fractions, organic, inorganic, and
dissolved, each with different physical and kinetic proper-
ties. The principal application of the model would be predic-
tion of the year—to-year and steady—state response of the
water column and sediments to changes in the loading rate of
contaminant and/or particulate matter. A simulation of 239py
in Lake Michigan is presented as an example of the model's
use.

1. INTRODUCTION

Presented here is a brief description of a sediment/water column con-
taminant model called SED. 1t was developed by Dr. Steven Chapra, now a
Professor at Texas A & M University, while he was at NOAA, Great Lakes
Environmental Research Laboratory. Much of his work dealing with this model
appears in "Long-term models of interactions between solids and contaminants
in lakes™ (Chapra,l1982), and Engineering Approaches for Luke Management——
Vol. 2: Mechanistic Modeling (Chapra and Reckhow, 1982).

SED is a mathematical model designed to simulate the concentration of a
contaminant in the sediments and overlying water column of a lake. It
operates on an annual time scale, ignoring within-year variations. Its
principal application would be to predict the year—to-year and steady-—state
responses of the water column and sediments to changes in the amount of con-—
taminant and/or particulate matter entering the lake.

2, MODEL DEVELOPMENT

The contaminant being considered is divided into three components——that
associated with organic particulate matter, that assocliated with inorganic
particulate matter, and that dissolved in the water. Adsorption/desorption
plays an important role in such a kinetic segmentation scheme because only
the portion of a contaminant that assoclates with particulate matter 1s sub-
ject to settling and resuspension and only the dissolved component is sub-
ject to diffusion and vaporization.

*GLERL Contribution No. 325.



The water column is idealized as a completely mixed volume resulting in
a lake-wide average contaminant concentration. The sediments are horizon-—
tally subdivided into well-mixed "slices” varying in thickness from a half
of a centimeter near the sediment/water interface to several meters in the
deep sediment. This spatial segmentation scheme (figure 1) yields a lake-
wide mean annual estimate of the level of contaminant in the water column
and provides the vertical profile of contaminant in the sediments.

SED comprises two main parts——a solids budget and a contaminant budget.
The solids budget uses information such as the loading rate of particulate
matter, density and porosity of the sediments, and varlous settling rates to
calculate the steady—-state concentrations of organic and inorganic par—
ticulate matter in the water column and sediments, as well as the burial
velocity (or sedimentation rate). The contaminant budget uses information
such as the physical characteristiecs of the lake, the loading rate and kine-
tic properties of the contaminant, and the results of the solids budget to
predict the concentration of the three forms of contaminant in the water
column and sediments. See flow chart in figure 2.

2.1 Contaminant Budget

The contaminant budget consists of a set of coupled differential equa-
tions that result when mass balances are writtem for each of the three con-
taminant components within their respective "pools.” A pool is simply a
place of residence, so to speak, for each of the three components. Each
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FIGURE l.--Spatial segmentation scheme used in SED.
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FIGURE 2.—-Flow chart representing the pathways of SED.

well-mixed volume comprisesthree such pools-—the organic solids volume
(organic pool), the inorganic solids volume (inorganic pool), and the liquid
volume (liquid pool). Contaminant levels within the three pools in each

control volume depend on system inputs, system losses, and interactions be-—
tween pools. Inputs are in the form of contaminant loading; losses include

flushing, settling, vaporization, and decay; and interactions between pools
consist of adsorption and desorption, resuspension, settling, and diffusion.
See figure 3.

2.1.1 Water Column Balance

The term "water column” is somewhat imprecise——it refers to the entire
lake volume, which includes all three pools, and not just to the liquid
pool, as the term might suggest. But, since the porosity of the water
column is assumed to be equal to one, the volume of the liquid pool is, in
fact, essentially equal to the volume of the entire water column. This
distinction 1is important in the sediments where the porosity is less than
one. Presented below are the differential equations for the three pools in
the water column and for the entire water column.
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2.1.1.1 Organic Pool. A mass balance for the contaminant associated
with the organic solids in the water column can be written as

dv

m ST m -k m v -2 v
o,w dt ad,o,w o,w cl,w de,ow, oy o,W Vt w %o W0,V
?
(absorption) (desorption) (flushing)
Vo, w Aw Vr Am
. v + ! v k il v 1
Vt,w 0,W o,W Ve 0 o,m 0,0 W, 09 0, (1)
{settling) (resuspension) {decay)
where m = mass of organic suspended solids, grams dry weight*,
]
Vo,w = curies** of contaminant associated with the orgamic

solids per mass of organic solid, curles per granm,

kad,o,w = adsorption rate of contaminant from liquid pool to organic
pool, cubic meters per gram per year,

kde,o,w = desorption rate of contaminant from organic pool to liquid
pocl, per year,

S e curies of contaminant dissolved in liquid pool per volume of
! liquid pool, curies per cubic meter,

Q = advective water flow leaving lake, cubic meters per year,

Vi .w = volume of water column, cubic meters,

Vo,w = settling rate of organic solids, meters per year,

Ay = average surface area of the water column, square meters,

Vy = resuspension rate, meters per year,

Ay = gurface area at sediment/water interface, square meters,

*For simplicity, the term "dry weight” will be dropped, and henceforth
the term gram will stand for "grams dry weight” unless otherwise noted.

k%
Keep in mind that not all contaminants are measured in curies (e.g.,

PCB's are measured in mass units, such as pg).



Vt,m = volume of first sediment layer {mixed sediment), cubic

meters,

Mo m = mass of organic solids in mixed sediment, grams,

Vo,m = curles of contaminant associated with the organic solids
in the mixed sediment per mass of organic solid, curies per
gram,

ko,W = decay rate of contaminant in the organic pool, per year,

t = time, years, and

£
]

subscript denoting water column.

2.1.1.2 Inorganic Pool. A mass balance for the contaminant associated
with the inorganic solids in the water column can be written as

dv
m —Lw k m e k m v -2 m v
i,w dt ad,i,w i,w l,de { w ,1iw 'i,w Vt w i,w "1i,w
?
(adsorption) (desorption) (flushing)
v A v_ A

1w w + —2 v, k m v

o Mow Viw Ve n Lom imdw ™o VW (2)
{(settling) (resuspension) {decay)

where the terms are identical to the terms for the organic pool, except that

the subscript "o" has been replaced by the subscript "i," denoting inorga-
nic.

2.1.1.3 Liquid Pool. A mass balance for the contaminant dissolved in
the liquid pool can be written as

de
1,w _ - _
Vl,w dt - Wc(t) (ch W Yy As 1w + kde oW 2o W Yo W

(loading) (flushing) (vaporization) (desorption)

- + k -
kads""’w mo W cl W de L w mi w vi w kad f-w mi Vv cl v
{(adsorption) (desorption) (adsoprtion)
¢ Es Am

—S§8 o - - 3
+ (zb+z ¥y/2 (cpw,m Cl,w) + Ve ® Am pr,m kd,w Vl,w cl,w’ (3)
m

(diffusion) (resuspension) (decay)



where Vl w - volume of the liquid pool, cubic meters,
3

We(t) = loading rate of contaminant dissolved in the liquid pool,
curies per year,

Vy = vaporlzation rate, meters per year,

Ag = surface area at air/water interface, square meters,

& = porosity of sediments, dimensionless,

Eg = diffusion coefficlent, square meters per year,

zZy = thickness of the laminar boundary layer above the
sediment /water interface, meters,

Zn = thickness of mixed sediment layer, meters,

Cpw,m = curies of dissolved contaminant per volume of liquid pool
in mixed sediment, curies per cubic meter, and

kd w - decay rate of contaminant dissoclved in liquid pool, per year.
>

Note that
2
Eg = Ey ¢,

where E; = molecular diffusion, square meters per year.

2.1,1.4 Total Contaminant in the Water Column. It is often more
desirable to work in terms of the total contaminant (i.e., the sum of the
three components), thus reducing the number of equations per control volume
to one and greatly simplifying the calculations. Since sorption reactions
typically proceed much faster than input-—output processes, a local equi-
librium can be assumed and equations (1), (2), and (3) can be combined to
yield

t!w=W(t)—...9-—-m v - m QC
t,w dt ¢ Vt w 0¥ 0V Vt w i,w 1,w 1,w

v A v A
0¥ So v S SLA m v -v A ¢
tow 0,W O,w Vt,w i,w i,w 1l,w

]
¢ E Am v Am 8 Am
+ ? (c - Cl w) + v m v + m v

zb pw, ’ t,m ©,@ O, Vt,m i,m 1i,m



+ v, ¢ A ¢ -k -k (4)

m pw,n 0,w o W Yo ] i,w mi,w vt,w - kd W V1,W €1 w?

where ct = curies of total contaminant in water column per total
volume of water column, curies per cubic meter, and

z = thickness defining the gradient between the mixed sediment
and the overlylng Water (=(2y + 2y)/2),

o -

Some new terms must be introduced to relate the individual terms vq y,
Vi,w, and €] y to the total concentration, ct y. Remember that, since the
porosity of the water column is essentially equal to one, the volume of the
liquid pool equals the volume of the water column, or

And it follows that the concentration of dissolved contaminant with respect
to the liquid pool, ¢j y, is essentially equal to the concentration of
dissolved contaminant with respect to the total water column, or

where cg i = curies of contaminant dissolved in liquid pool per total
volume of water column, curies per cubic meter.

Defining the terms

S (3)

and

_ mi,w vi,w
Ci,w - v

(6)

t,w
where Co,w = curies of contaminant associlated with organic solids per
total water column volume, curies per cubic meter, and

¢i,w = curles of contaminant assocliated with inorganic solids per
total water column volume, curies per cubic meter,



yields an expression for the total contaminant in the water column in terms
of its three components,

= + + ¢ 7
Ct,w cd,w co,w i,w 7
or
m Y m v
o, W O,W i,w 1i,w
e, o =y o o+ Sam D (8)
t,w d,w Vt,w Vt,w

In a temporal sense, many sorption reactions are rapid and are
assumed to reach equilibrium much faster than the yearly time scale of the
model. This equilibrium is a dynamic state representing a balance between
adsorption and desorption, as in

k m c k m y
ad,o,w o,w d,w de,0,W O,Ww O,W

and
k n c k m v .
ad,i,w 1,w d,w de,i,w i,w i,w

With the above assumption, the following partition coefficients can be
defined:

K d,o,w vo w
Kd = ad,0, c: (9)
20>W de,o,w d,w
and
k v
Kd L ad,i,w _iéw , (10)
e de,i,w d,w

where K4 o,w = organic partition (or distribution) coefficient in the water
column, cubic meters per gram, and

K4, i,w = inorganic partition (or distribution) coefficient in the
water column, cubic meters per gram.

Equations (8), (9}, and (10) can be combined and rearranged to yield

cd,w N Fd,w ct,w’ (1L)



where Fd,w = . X . X
1 + ¥ 20,% i,g d,i,w
v
t,w t,w
and
[ = F c »
O,W 0,Ww t,w
K
mo,w d,o,w
Vt w
where Fo w = 2
’ m K
1+ V¥ dyo,w | 1,w "d,i,w
v ' v
t,w t,w
and
=F
i,w T1,w St,w’
K
v d,i,w
v
h - _ t,w
where Fy y = - X K
1 + ¥ d,o,w + i,w d,i,w
v v
t,w t,w
Thus,
= = F c
cl,w cd,w d,w t,w
Vt w
v =—2—F
o,W Mo,w 0,W L,W
and

10
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(13)

(14)

(15)

(16)



Note that

Finally, by substituting equations (14), (15), and (16) into equation (4),
the total contaminant balance in the water column can be reexpressed as

v dct,w
t,w dt

=W (t) —-o¢ - v A F
c( ) Q ty vs d w ¢ W Yo w Aw Fo W ¢ w

¢ Es Am
- * —
Viw Fi w “tw + zé pw,m t,m Fd,w t,w)
+ *%k — -
v, AL c, kiw Vew Faw "%w Ve ow Fo w St
-k c (17)

v .
iw t,w Fi,w t,w

2.1.2 Mixed Sediment Balance

The mixed sediment is the first segment below the water column and is
usually between 1 and 2 cm in depth. It is so called because of the intense
mixing, or bioturbation, caused by the benthic organisms that reside there.
The mixed sediment also comprises three pools=-=the liquid pcol (also called
the pore water), the organic pool, and the inorganic pool. Presented below
are the differential equations for the three pools in the mixed sediment.

2.1.2.1 Organic Pool. A mass balance for the contaminant associated
with the organic solids in the mixed sediment can be written as

*It will be shown in the following section that Cpw,m = Fpw,m Ct,m*

**It will also be shown that the sum of the three resuspension terms equals

Ve Ap Ct,m-

11



—_— + A F
o,m dt ad,o,m mo,m cpw,m de,om Po m,vo m, vq w W gw ct,w
(adsorption) {(desorption) (settling)
b Am v Am
v o,m Yo,m ~ V %,n Yo,m ko n "o,m Yo,m’ (18)
t,m » 3 t,m » » 3 3 >
(burial) (resuspension) (decay)

where cpoy p = curies of contaminant dissolved in pore water per volume of
pore water, curies per cubic meter, and

vy = burial velocity, meters per year.

The remaining terms are identical to the terms used for the organic
pool in the water column, except that the subscript "w” has been replaced by
the subscript "m,” denoting mixed sediment.

2.1.2.2 Inorganic Pool. A mass balance for the contaminant associated
with the inorganic solids in the mixed sediment can be written as

dv,
i,m _ = +
"i,m T4t Kadyi,m ™m0 pide im ®m Vim T Viw A Fiw S
(adsorption) (desorption) {(settling)
(19)
v, A v_A
N v r_m m vk m v
Vt,m i,m i,m Vt m i,m Tiotm i my i.m?
(burial) (resuspension) (decay)

where the terms are identical to the terms used for the organic pool in the

mixed sediment, except that the subscript "o” has been replaced by the
subscript "i," denoting inorganic.

2.1.2.3 Liquid Pool. A mass balance for the contaminant dissolved in
the pore water in the mixed sediment can be written as

12



de
pW,m

pw,m dt B de,o,m mo,m vo,m - kad,o m,mo,m cpw,m + kde,i m,mi ] Vi,m
(desorption) (adsorption) (desorption)
6 Es Am
- kad,i,m mi,m cpw,m + zé (Fd,w ct,w - cpw,m)
(adsorption) (diffusion)
b Es Am
+ -— —_— -
%m,2 (pr’z pr’m) b ’ Am pr,m Vi ¢ Am pr’m
3
(diffusion) (burial) (resuspension)
-k (20)

d,m va,m cpw,m’

{decay)

where Vyy m = volume of the pore water, cubic meters,

Cpw,2 = concentration of contaminant dissolved in the pore water in
the second sediment layer, curies per cubic meter, and

z = mixing zone bhetween mixed sediment and second sediment
layer (= (zy + 2z3)/2), meters.

The remaining terms are identical to the terms used for the liquid pool in

the water column, except that the subscript "w" has been replaced by the
subscript "m,” denoting mixed sediment.

2.1.2.4 Total Contaminant in the Mixed Sediment. Again it is desir-
able to work in terms of the total contaminant; therefore, adding equations
(18), (19), and (20) yields

L3 + v F c
t,m dt o,w W O0,Ww L,w i,w 'w 1w t,w
) Es Am & B Am
—_ + -
+ z) (Fd,w Ct,w cpw,m) z (cpw,Z cpw,m)
b m,2

13



b m m
- v - m v - v ¢ c
t,m O™ O Vt,m i,m "i,m b m pw,m
r A r Am
m
- m v - m v - Vv q)A
t,m a,m o©,m Vt,m i,m i,m r m pw,m
- . - 21
kd,m pr,m Cp\,gmm o, m VQ m , ig oy n Vi,m’ (21)

where cp p = curies of total contaminant in mixed sediment per total
volume of mixed sediment, curies per cubic meter.

It is again necessary to relate the individual terms Vo,ms Vi,m,» and
Cpw,m tO the total concentration, Ct,m- The volume of the pore water can be
related to the total volume of the mixed sediment by the porosity, as in

pr,m N ¢Vt,m'

The concentration of contaminant dissolved in the pore water can also be
related by porosity to the concentration of contaminant dissolved in the
total mixed sediment volume, as in

Cd,m = ¢pr,m’ (22)

where Cd,m = curies of contaminant dissolved in the pore water per total
volume of mixed sediment, curles per cubic meter.

Defining the terms

e = _0,m o,m (23)

and

"i,m 1
¢, =T, (24)

14



where co m = curies of contaminant associated with organic solids per
total volume of mixed sediment, curies per cubic meter, and

¢i,m = curies of contaminant associated with inerganic solids per
total volume of mixed sediment, curies per cublc meter,

ylelds an expression for the total contaminant in the mixed sediment in
terms of 1ts three components as follows:

= + +
ct,m cd,m co,m ci,m (25)
or
m m \Y
_ o,m o,m _1,m 'i,m
“t,m ¢cpw,m Ty v ’ (26)
t,m t,m
Equation (26) can be further simplified by the use of the following equa-
tions:
Bo,m
T2 =0, 6 (27)
t,m
and
m
i,m
V 2 = pi ¢i! (28)
t,m
where P, = mass density of the organic solids In the mixed sediment, grams
per cubic meter,
$o = volume of the organic solids per total mixed sediment volume,
dimensionless,
Py = mass density of the inorganic solids in the mixed sediment,
grams per cubic meter, and
4 = volume of the inorganic solids per total mixed sediment
volume, dimensionless.
Note that

15



o + oo + o1 = 1.

Thus,
= 29
ct,m ¢cpw,m + Po ¢o vo,m + Py ¢i Vi, (29)
Again, partition coefficients are defined as
k \
Kd o,m kad,o,m ¢ > (30)
e de,o,m pw,m
k Y
K __ad,i,m i,m (31)
d,i,m ’

de,i,m pr,m

where Ky 5 p = organic partition coefficient, cubic meters per gram, and

Kd,i,m = inorganic partition coefficient, cubic meters per gram.

Equations (29), (30), and (31) can be combined and rearranged to yield

c =F c. ., (32)

and

c = F c,. (33)
o,m o,m ¢t,m
where F = po ¢O Kd LR
o,m ’
’ o + Po d)o I(domﬂi-pi d)i Kd,i,m

16



= 34
Ci,m Fi,m ct,w’ (34)

Py %5 Xy 1 m
F P9 Kaoom T P10 Kgyg,m

where Fy p = s

and

= (35)
“d,m Fd,m ct,m’
where Fq n = ¢Fpy, -
Thus,
= F c, (36)
pw,m pw,m t,m
= = 37
cd,m ¢cpw,m Fd,m ct,m’ (37)
Vt m
— > 38
Vo,m Mo, m Fo,m ct,m’ (38)
and
Vt m
= > . 39
vi,m n{ i,m "t,m (39)
Note that

Finally, by substituting equations (36), (37), (38), and (39) into

equation (21), the total contaminant balance in the mixed sediment can he
reexpressed as

— A F c A -
t,m dt vo,w W 0,W L,W i,w w 1,w t,w b "m t,m

17



*
pw,2 “t,2 pr,m ct,m)' (40)

2.1.3 Deep Sediment Balance

The total contaminant budget for the remaining segments is formulated
in much the same way as that of the mixed sediment layer. The settling term
is represented as a product of the settling velocity, sediment surface area,
and concentration at the interface between each segment. The concentration
at the interface depends on the levels in both segments, which can be
approximated by

ik T %3,k %5t Py Sk

where cj g = the concentration at the interface between the jth and kth

segment,
cj = concentration in the jth gegment,
. th
Cck = concentration in the k segment, and
a,f = weighting factors (a + 8 = 1).

Presented below is the final equation for the total contaminant in segment
i, where i = 2,ns {ns being the total number of segments),

de

_Li = +
Ve, i Tdt Vp An (“1—1,1 ¢ 11 T Bie11 ct,i)
= vy A (o i1 St t By, 1en O, 141
* =
It will be shown in the following section that pr,Z pr,2 ct,2°

18



¢'ES Am

+ ——— (F c - F c
zi-l,i pw,i~1 "t,i-1 pw,1 t,i)
o Es Am
+———— (F c - F e, )
zi,i+l pw,1+1l "t,i+1 pw,1 "t,1
-k -k v F c -k c. s (41)

vV . F
1,1 Ve, Tt et Fout Ved o, %6yt T Kayt Vet Fay et

where i = segment number.

The remaining terms are the same as those used in the total contaminant
balance in the mixed sediment.

2.2 Solids Budget

The contaminant budget previously described relies on the knowledge of
the levels of particulate matter in the water column and sediments. There-
fore a solids budget is obtained that yields the concentration of organic
and inorganic solids in the two regimes, as well as the rate of burial to
the deep sediments.

The spatial segmentation scheme of the solids budget is somewhat dif-
ferent than that of the contaminant budget. The system is divided into only
two well-mixed zones, the water column and the mixed sediment, with uni-
directional burial to the deep sediments. It is assumed that the solids
balance is at a steady state and that compaction 1is negligible (i.e., poro-
sity 1s constant).

The inorganic solids are assumed to be strictly allochthonous, i.e.,
they originate outside the lake and are transported into the system via the
the wind and tributary streams. The organic solids are assumed to be
autochthonous; 1.e., they originate within the lake wvla primary production.

2.2.1 Inorganic Solids

Writing mass balances for the inorganic particulate matter in the water
column and mixed sediment results in the following differential equations:

ds
i,w _ - -
Ve, w Tat - ¥ Q 8y Viw A Stw b Vo Ap e ey (42)

(loading) (flushing) (settling) (resuspension)
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and

v dlog 0y) A A A (43)
e,m o at - Vtw N Spw T Ve fn P TV A Py by
{settling) (resuspension) (settling)
where Si,w = concentration of inorganic suspended solids in the water
column (= my y/V¢,w), grams per cubic meter,
¥ = loading rate of inorganic solids, grams per year, and
Py ¢i = concentration of inorganic solids in the mixed sediment
(= my,p/V¢,m), grams per cubic meter.
Remember that
¢+ oo + 41 = 1. (44)

2.2.2 Organic Solids

The concentration of organic solids is assumed to be directly propor-
tional to the level of particulate organic phosphorus, as in

. & (45)
O,W o
pd
and
PO m
PO ¢0 = o » (46)
pd

concentration of organic suspended solids in the water
column (= my /Vi ), grams per cubic meter,

]

where s5 g

Pow = concentration of particulate organic phosphorus in the water
g column, milligrams of phosphorus per cublc meter,

Pom = concentration of particulate organic phosphorus in the mixed
»

sediment, milligrams of phosphorus per cubic meter,
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apd = fixed stoichiometric coefficient, milligrams of phosphorus per
gram, and

PO $o = concentration of organic solids in the mixed sediment
(= mo,n/Ve,m), grams per cubic meter.

A mass balance written for total phosphorus in the water column yields

dp
t,W
= w had — -
t,w dt p Q pt,w vo,w Aw po,w vi,w Aw pi,w
(loading) (flushing) (settling) (settling)
+ Yr Am (po m + pi,m)’ (47)

(resuspension)

where p = total phosphorus concentration in the water column, milligrams
of phosphorus per cubic meter,

rate of total phosphorus loading, milligrams of phosphorus per

Wp =
year,
Py w = concentration of particulate inorganic phosphorus in the
! water column, milligrams of phosphorus per cubic meter, and
Pim ™ concentration of particulate inorganic phosphorus in the
’ mixed sediment, milligrams of phosphorus per cubic meter.
Note that

Pew  Pdyw + Po gt P (48)

where Pd,w concentration of dissolved phosphorus in the water column,
milligrams of phosphorus per cubic meter.

The individual terms p, and P{ w can be expressed in terms of total
phosphorus, p_ ., with the use of somé conversion factors, as in

(49)

po,w P,O,W pt,w’
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where Fp ow T FT ¥ E s »
e o d,i,p 1,w
and
= 50
pi,w Fp,i,w pt,w’ (50)
K s
d,i,p 1i,w
where F = 22 2
p,i,w 1+ ﬂo + Kd,i,p Si,w

The terms %, and Kq i p are partition coefficients that relate the par=—
ticulate and dissolved fractions, as in

q = po,w
° pd,w
and
v
K = p,i,w’
d,1i,p Py w

where vy, 1 y = mass specific concentration of phosphorus associated with
inorganic solids, milligrams of phosphorus per gram.

Substituting equations (49) and (50) into equation (47) yields

dp
t,w
=W - - -_
t,w dt P Q pt,w vo,w W DP,0,VW pt,w vi,w W Fp,i,w pt,w
A + . 51
+ Ve m [Po m pi,m) (51)

The mass balance equations for organic and inorganic particulate
phosphorus in the mixed sediment are, respectively,
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vt,m dz’m " Vouw Aw Fp,o,w pt,w Yy Am po,m " Y Am po,m
(settling) (resuspension) (settling)
(52)
- Km Vt,m 1:'0,111
(remineralization)
and
dpi i
t,m —EEA_= vi,w Aw Fp,i,w pt,w " Am pi,m ~ % Am pi,m
(settling) (resuspension) (settling)
(33

+ KV
m t,m po,m’

(remineralization)

where Kp = remineralization rate, per year.

Equations (42), (43), (44), (51), (52), and (53) represent six non-
linear equations with six unknowns--8i u, ¢i, Vb, Pt,w> Po,m» and pi m-
These equations, except equation (44), can be set equal to zero (steady-
state assumption) and solved simultaneously . Once these six parameters
have been determined, then equations (45) and (46) can be used to calculate
So,w and ¢o, respectively. Finally, the values for s, y, Si,w> %o> i and
vy, are made available for use by the contaminant budget.

3. MODEL USE

Numerical integration is used to solve the set of differential
equations that constitute SED. Initial contaminant values at time zero are
required in all segments (i.e., the water column and each sediment layer).
The physical and kinetic parameters, such as the lake and contaminant data,
must also be defined before the start of the simulation. The annual rates
of contaminant loading W. are read from an input file. SED is capable of
estimating the loading rates for years when there are no data by linearly
interpolating between years for which data exist.

*The authors used one of the IMSL packages (subroutine ZSYSTM) available at
NOAA, Great Lakes Environmental Research Laboratory.
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Before integration can begin, certain model parameters must also be
specified, such as the year corresponding to time zero and the number of
yvears of simulation. It is also necessary to have a print step to determine
how often during the simulation the results are to be printed (e.g., after
every year). A maximum time step of integration (i.e., one that will pre-
vent instability) is internally calculated, but the actual time step 15 set
at a lower value to increase accuracy. A mass balance 1s calculated at the
end of each time step as a check that mass is being conserved throughout the
simulation. Complete lists of the lake, contaminant, and model parameters
used in SED are presented in tables 1, 2, and 3, respectively. All of these
parameters must be defined to assure proper execution.

The model output consists of the results from the solids budget, con-
taminant budget, initial calculations, and mass balance. To assure their
accuracy, the annual contaminant loading rates and various other input para-
meters are also printed as output. Finally, SED draws five plots--
contaminant lecading versus time, total contaminant concentration in the
water ceolumn versus time, total contaminant concentration in the sediments
versus depth, concentration of contaminant dissolved in the pore water ver-
sus depth, and concentration of contaminant associated with the solids in
the sediment versus depth. An example of the model output is presented in
the following exercise.

Example. Use the parameter values used in tables 1, 2, and 3 to simulate
the concentration of 239Pu in the water column and sediments of Lake

Michigan from 1953 to 1977.
A copy of the model output for the above simulation is presented in

appendix A and the five plots are presented in figures 4 and 5. A complete
listing of SED is presented in appendix B.
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TABLE 1.--Lake parameters used in the simulation of 239Pu in Lake Michigan
(Chapra, 1982; Chapra and Sonzogni, 1978; Bavmerman et al., 1974).

Parameter Symbol Value Units
Cutflow 0 60 x 109 md yr-l
Air/water surface area Ag 56 x 109 m2
Lake surface area Ay 50 x 109 m?
Sediment surface area Ap 30 x 109 me
Lake depth 2y 90.5 -
Sediment layer depths zg * m
Mixing zone zb 0.01 m
Number of segments ng 30
Settling velocity of inorganic vi,w 109.5 m yr‘l
solids
Settling velocity of organic Vo ,w 54.75 m yr-1
solids
Settling velocity to deep £ + m yr-l
sediments
Resuspension rate vr 0 m yr—l
Inorganic solids concentration S1,w + g m3
in the water ceclumn
Organic solids concentration So,w + g m3
in the water column
Rate of inorganic solids ¥ 6 x 1012 g yr'l
loading
Porosity b 0.8
Ratio of inorganic solids b1 t
volume to total volume in
sediment
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TABLE |.--Lake parameters used in the simulation of 239Pu in Lake
Michigan-4cont.l

Parameter Symbol Value Units
Ratio of organic solids to T

volume to total volume in

sediment

6 -3

Inorganic selids density Pi 2.5 x 10 g m
Organic solids density Po 1.27 x 106 g o3
Total phosphorus loading rate Wp 6 x 1012 mgP yr'l
Stochiometric coefficient- @pd 10 mgP g~1

organic P/dry weight
Partition coefficient—inorganic Kd,i,p 0.001 m3 g1

P/dissolved P
Partition coefficient-organic To 0.333

P/dissolved P
Remineralization rate of Kn 0.001 yr“]

organic P to inorganic P

*The segement depths, starting from the mixed sediment, are as follows
{in centimeters):

2, 20 x 0.5, 1, 2, 4, 8, 16, 32, 64, 128, 256.

TThese values are internally calculated by the solids budget and then
input to the contaminant budget.
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TABLE 2.-—Contaminant parameters used in the simulation of 239Pu in
Lake Miechigan (Chapra, 1982; Wahtgren et al., 1880)

Parameter Symbol Value Units
Loading rate We * Ci yr'1
Initial contaminant concentration c¢q 0 ci m™3
Molecular diffusion En 1.21 x 10—5 cm? s-1
Vaporization rafe Vy 0 m yr'1
Decay rates in water column Kd ws kKo,ws ki u 0 yr-1
Decay rates in sediments kd,m» Ko,ms Ki,m 0 yr~1
Inorganic partition coefficient Ki,i,w 5x 105
in the water column

Organic partition coefficient Ki,o0,w 5 )1105

in the water column
Inorganic partition coefficient K4,i,m 2 x 104 -

in sediments
Organic partition coefficient Kd,o,m 2 xlO4 -

in sediments

*See figure 4 (left).
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TABLE 3.~-Model parameters used in the simulation of 239Pu in

Lake Michigan

Parameter Symbol Value Units
Year at time zero to 1953 yr
Number of years of simulation ny 25 yr
Print step tp 1 yr
Time step t, 0.005 yr
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FIGURE 4.--Loading rate of 239pPy to Lake Michigan, 1953-77 (Ciyr~1) (Zeft)
and simulated total concentration of 239Puin water column (pcimS)
(right).
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FIGURE5.—Simulated total concentration of 239py in Lake Michigan sedi-

ments, 1973 (n Ci m3)(1left}; simulated pore water concentration, 1973
(pcin3) (middle); simulated solids concentration, 1973 (pC?,gCE 1)

(right).
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Appendix A--EXAMPLE OF MODEL OUTPUT FOR 239Pu SIMULATION IN LAKE MICHIGAN
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. osLAKEPARAMETERS-LAKE MICHIGAN

Q (CU M/YR)
AS (Sa M)
AW (5Q M) =
AM (S0 M}
IW (M)
YO (M/YR)
Y1 (M/YR)
YR (M/YR}
IB (M)
PSI (G/YR)
WP {MG P/YR)

KREM L/YR) =

KDIP (CU M/G)
PARA =

APD (MP P/GY =

CONTAMINANT

«6000E+11
«9600E+11L
«5000E+11
«3000E+11
90.500
54.750
109.500
0.000
« 210
«6000E+13
«6000E+13
«Q0L0
=  .0010
+3333
10.00

PARAMETERS=-PLUTONIUM

KRW L /YR) = 0.000
KRS (/YR) = 0.000
KDOW (CU M/G) = «500
KDIW (CU M/G) = « 200
KDOM (CU M/G) = «020
KDIM (CU M/G) = «020
ES(5Q M/YR) = « 0244
YY (M/YR) = 0.0000

««350LIDS BUDBGET .. .. ..
PTW (MG P/CUM) = 8.0186
PO® MG P/CU M) = «377LE+OG
PIM MG P/CUM) = +1879E+05
SIW ,G/CU M)} = 1.0840
PHII »1703
VB (M/YR} = «4647E-03

. es INITIALCALCULATIUNSsuenes

SUW (G/CU M) = «2003
SIW (G/CU M) = 1.0840
PHIG*RHOD {G/CU M) = «3771E+05
PHIT#*RHOI (G/CU M) = «4258E+06
FOW = +H090E+00
FOW = «6099E~-01
FIWw = +3301E+00
FPWM = «1079E=-013
FOM = «B6INE-04
FOM = «8136E-01
FIM = «3186E400
PHI = « 8000
PHID = <3297
PHI, = «1703
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SEGMENT

© 0 g U1

-020
+005
=005
005
«005
«005
«005
«0025
005
<005
«035
«305
005
005
«305
+035
«005
+035
«005
<005
<0025
«0L0
<020
«040
-080
«160
«320
+640
1.280
2.550
5.120

SEGMENT DEPTH

ALPHA(L,1+1)

1. 0000
« 5000

«5000
+5000
«5000
« 5000
«5000
« 2000
« 5000
«5000
« 5000
«5000
. 5000
» 5000
« 2000
« 5000
« 5000
«5000
« 5000
« 6667
« 6720
+8610
-« 3555
. 0000
. 0000
0000
0000
. 0000

PRRPRPRPRR

BETA(II¢1)

cocoooo0
o
o
o
o

THETIMESTEP OFINTEGRATIONUIYEARS]) =.005

........ +«MASS BALANCE RESULTS (CURIES)asoannsvna

INP
103. 4

FLUSH
3.1413

uT
880

YAPOR
0.0003

OUTPUT
3. 1413

OIFF
100. 3467

DECAY
0.0000
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ACCUM
100. 3467

SETTLE
0.0000



TINME

-'LDADING (cUR]ESIYEAR'--'.....III

TIME

1953.
1954.
1955.
1956.
1957.
1958.
1959.
1960.
1961.
1962.
1963.
1964.
1965.
1966
1967.
1968,
1969.
1970.
1971.
1972.
L973.
1974.
1975.
1976
1977.

TOTAL
CIl/7Cu M

1953. 0.

1954.
1955.
1956.
1957.
1958.
1959.
1960.
1961.
1962«
1963.
1964.
1965.
1966.
1967.
1968.
1969.
, 970.
1971.
1972.
1973.
1974.
1975.
1976.
1977.

«5975E-12
«1048BE-11
«1465E-11
«1544E-11
«2334E-11
«3140E-11
«2413E-11
«2166E-11
«3099E-11
«53410E~11
«6072E~-11
«5010E-11
«3580E-11
«2650E-11
«2013E-11
#171LE-~11
«1601E~11
«1482E-11
+1158E-11
+9329E~-12
+9388E~12
«8822E-12
«T461E=~12
«6B887E-12

LOAO

0.00
3.36
3.75
4.48
3.42
7.56
9.24
2.24
3.42
9.52
19.15
14.56
616
1.85
1.68
1.40
1.96
2.41
2.13

« 72

+62
1.46
1.12

«56

« 73

DISS
CI/CU M

. 3638E-12
«H6379E-12
» 8921E-12
« 9402E-12
«1422E-11
+ 1912E-11
«1469E-11
«1319E-11
+1887E-11
+«3295E-11
«3697TE-11
»3051E-11
»2180€E-11
+1614E~11
«1226E~-11
«1042E-11
«F74BE-12
«F024E-12
. 7093E-12
«568LE~12
«53717E-12
«5372E~12
e 4544E-12
s H194E~12

INORG
CI/CU M

0.
«1972E-12
» 3458BE-12
«4835E-12
«5095E-12
« 7705E-12
«1036E-11
«7965E-12
« 7150E-12
«1023E-11
«1786E-11
«2004E-11
«1654E-11
«1182E-11
«B745E-12
«6645E-12
«5649E-12
«5284E-12
«4891lE=-12
«3823E-12
«3079E-12
« 3099E-12
22912E-12
«2463E-12
e 2273E-12
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INORG
CI/GH

«1819E-12
»3190E~12
«44b61E~-12
«4701E-12
«TLOBE-12
«3560E-12
«1347E-12
«6596E-12
«9437E-12
«1647E-11
«1849E~-11
«1525E-11
«1l090E-11
«8068E-12
«6130E-12
«5211E-12
«4BT4E-12
+4512E-12
«3527E=-12
« 2841 E-12
«2B58E-12
«2686E-12
2272E-12
«2097E-12

«s CONCENTRATIGN [N THE WATER COLUMNesssscscscnanaasse

ORG
CI/CU M

«3644E-13
«6389E-13
+8935E-13
«9416E-13
s 1424E-12
«1915E-12
«1472E-12
«1321E-12
«1830E-12
«3300E-~12
«3703E-12
«3056E-12
«2184E~12
. 1616E-12
«122BE-12
«1044E-12
+9763E-13
+9038E-13
«7064E-13
+5690E~-13
«5726E-13
+«5380E~-13
«4550E-13
«4200E-13

ORG
CI/GNM

+1819E-12
+3190E-12
«4461E-12
+4701E~-12
«710BE=12
«9560E~12
«T347E~12
«6596E-12
«9437E~12
«164TE~11
»1849E~11
«1525E~11
«1090E~11
«8068E-12
«6130£E-12
«5211E-12
«4874E~12
«4512E-12
«3527E-12
«2841E~12
«2858E-12
«2686E-12
«2272E~-12
«2097E-12



-.ll...lI.IlI..TOTALCGNCENTRATION IN THE SED[HENF.-...-----.--'O
(CURIES/CU METER)

1973.

1973.

1973.

1973.

1973.

1973.

1973.

1973.

1973.

1973.

1973.

1973.

«0200 .0225
«1183E-06 W7777E-07
0425 0475
«1954E-08 «5635%E-09
«0675 « 0725
«1627E-11 «3117E-12
«0925 <0975
«2221E-15 +3L4%E-1b
«1175 «1250
«77B1E-20 «%304E-21
<3500 « 5300
«1149E-29 «1320E-132

7.2900
«142BE~47
»« CONCENTRATION

<0275
«3987E-07

«.0525
«1479E-09

L0775
«5584E~13

.1025
L 4229E-17

. 1400
«8952E-23

1.0700
«7208E-36

NTHE PORE

WATER

«0325
«16B1E-07

«0575
«3560E-10

«0825
«9386E-14

«1075
«5413E-18

«1700
«9290E-25

2.0300
+1883E-39

(CURIES/CUMETER OF PORE WATER)

«0200
«1276E-10

0675
«1755E-15

«0925
+2396E-19

<1175
«8393€E-24

«3500

. «1239E-133

7.790”
«1540E-51

.022%
«.8389E-11

«0725%
«3362E-16

.097%
«3392E-20

«1250
«4543E-25

«5900
«1423E-36

»0275
«4300E-11

0775
«6023E=-17

«1025
«4561E-21

«1400
«9657E-27

1. 0700
«7T7SE-40

35

.0325
«1814E-11

«0825
+1012E~-17

«1075
«5839E-22

«1700
+1002E-28

2.0300
«2032E-43

<0375
«6095E-08

20625
«7T905£-11

« 0875
+148B6E~-14%

1125
+6610E-19

2300
«4TOSE=27

3.9500
«2363E-43

«0375
«65T7S5E~12

0875
+1603E-18

«1125
«7130E-23

«2300
«5075E-31

3.9500
«29549E-47



1973.

1973.

1973.

1973.

1973.

1973.

1973.

1973.

1973.

1973.

,973.

«0200
»2552E~12

«0325
«3627E-13

«0475
«1216E~=14

<0625
«1705E-16

<0775
«1205E-18

«0925
«4791E~21

«1075
+1168E-23

«1250
«328%E~27

«2300
«1015E~32

1L.0700
«1555E~-41

« o CONCENTRATIONON THE SOLIDS

(CURIES/GRAM OF SOLID,
ORGANIC--INORGANIC

METERS
«2552E-12

METERS
«3627E-13

METERS
«1215E=14

METERS

«1705E-16

METERS

«1205E-18

METERS
«479LE=-21

METERS
1168£-213

METERS
«H285E-27

METERS
«101%E=-32

METERS
«1553E-41

7.7900 METERS

»3080E-53

09.30.15.UELP,

«3080E-53
0. 365KLNS.

+ 0225
«1678E-12

<0375
«1315E-13

« 0525
«3191E-15

+0675
+3510E-17

<0825
«2025E~19

<0975
«6784E-22

1125
«1426E-24

« 1400
«1931E-28

« 3500
«2HTHE-35

METERS
1678E-12

METERS
«1315E-13

METERS
+3191E-15

METERS
+3510E-17

METERS
«2025E-19

METERS
«HTBGE-22

METERS
«1426E-24

METERS
«1931E-28

METERS
«2478E-35

2.0300METERS

«4063E-45

36

«H4063E-45

«+0275 METERS

«8601E~-13

+8601E-13

«0425 “ETERS

«4215E-14

+ 0575
«7681E-16

«0725
«6725€E-18

0875
+«3205E-20

«1025
«93123E=-23

«1175
«1679E=25

«1700
«2004E-30

« 5900
«2847E-38

3.9500
«2099E—49

«4215E-14

METERS

« 7681E~16

METERS

«6725E-18

“ETERS

«3205E-20

METERS

«F123E-23

METERS

« 16T7FE-25

METERS
«2004E-30

METERS
«2B847E-38

METERS

«509FE-49



Appendi x B.--LISTING OF SED
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PROGRAM SED{INPUT,0UTPUT,TAPE6G=OUTPUT,TAPEL.TAPEZ,TAPED)

FEEEFSEEL RO 44X 44 SEDIMENT/WATER COLUMN CONTAMINANT MODEL $# ¥4 %4 bue

(PCI/GMOF SOLID)

OUTPUT :
REAL UNIT 6

LAKE PARAMETERS
CONTAMINANT PARAMETERS
SOLIDS BUDGET RESULTS
INITIAL CALCULATION RESULTS
SEGMENT.SEGMENTDEPTH, ALPHA, BETA
TINE STEP OF INTEGRATION
MASS BALANCE RESULTS
LOADING RATES

C

c

C

C PURPOSE :

c THE PURPOSE OF THIS PROGRAM IS TO SIMULATE THE CONCEN~-
C TRATEON OF A CONTAMINANT N THE SEDIMENTS AND OVERLYING
C WATER COLUMN OF A NELL-MIXED LAKE BASED ON USER SUPPLIED
c YEARLY LOADING RATES.

c

c ITS PRINCIPAL APPLICATION WOULDBETO PREDICT THE YEAR=
c TO-YEAR AND STEADY-STATE RESPONSES OF THE WATER COLURN
c AND SEDIMENTS DUE TO CHANGES IN THE AMOUNT OF CONTAHINANT
c AND/OR PARTICULATE HATTER ENTERING THE LAKE.

c

c

CINPUT :

C REAL UNITL:

c CONTAHINAYT LOADING RATES :

c FORMAT COLUMN
c TX = YEAR CORRESPONDING TO LOAD F10.3 I-10
c W Y-LOADING RATE IFCI/CHM#¥2/YR) F10.3 11-20
c

C REAL UNIT 3 :

c DATA POINTS FOR PLOTS :

C

c PLTIME- YEAR F7.1 1-7
c PLCDNCY ~WATER COLUMN CONCENTRATION F7.L 8- 14
c (P CL/CU M)

c DEPTHL1 - DEPTH(CM) F7.1 -7
c PLCONC1- TOTAL SEDIMENT CONCENTRATION  F7.1 B-14
c (MICROGI/CUM)

c DEPTH2 = DEPTH (CM) F7.1 1-7
c PLCONC2- PORE WATER CONCENTRATION F7.1 B-14
c (PCI/CUMOF P OREW®ATER}

c DEPTH3 ~DEPTH (CM} F7.1 |-7
c PLCONC3 -~ SDLIDS CONCENTRATION F7.1 B-14
c

c

c

C

c

c

c

c

c

c

c

c

c
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C
C
C

0o o

PLOTTING :
REAL UNIT 2

SUBROUTINES :

SIMULATION RESULTS
- WATER COLUMN CONCENTRATION
= TOTAL SEDIMENT CONCENTRATION
— PORE WATER CONCENTRATION
~S50LEDS CONCENTRATION

LOADING RATE YERSES TIME

WATER COLUMN CONCENTRATION VERSES TIRE
TOTAL SEDIMENT CONCENTRATIQON VERSES DEPTH
PORE WATER CONCENTRATION VERSES DEPTH
SOLIDS CONCENTRATION VERSES DEPTH

RMAX = CALCULATES MAXIMUM VALUE FROM ARRAY OF VALUES
25Y5TM-=SIMULTANEOUSLY SOLVES SET OF NON-LINEAR EQUATIONS
(AVAILABLE INIMSLSOFTHARE)
FUNCTION SOLID - SUPPLIES ZSYSTM WITH SET OF NON-LINEAR
EQUATIONS

INTEGER PLOTYR
REAL KDIW s KDOR o KDIMy KDOMsKRW9 KRSy NYR9KDIP o KREMo INPUT» INITy VIN, VOW

DIMENSION

DIMENSION
DIMENSION
DIMENSION
DIMENSION
OIMENSION
DINENSION

DIMENSION
DIMENSION
DIMENSION
DIMENSION

CTM(504+40) sAL{40,40),TT(50)
£5031)+sDCHMDTC40)+CM(40) s CTHWIS0])
ALPHA(40,50)+BETA{40,440)
Z(40y40)sVML40) s TINE(S0)}4WCI50)

CONCSO Y +CIWLS0)} s COWISO) s VOWIS0) o VIWISO)»CPWUM(50440)
IYY{40)}+sCTMX{40) +CPRMX{40)yVONX(40) s VINX(40)
CHMAX{Z2)sCTHX(50)42YYY(40)CHDKI(50)
TX(50)«TTX(5C) s WH(50),VOM(40+40}sVIML40,40)
PLTIMECLO) yPLCONCH(L10) yDEPTHL(9}+DEPTH2UT)sDEPTHI(17)
PLCONCL(9) »PLCONC2{7)»PLCONC3{17)
X(61sWA(33+PAR(LS)IPAK{30)

EXTERNAL SOLID

SEGMENT LENGTHS (CM)
DATAZ5/2e120% 254103209 %ea1B8a1l60932.16401+128.92564/

LAKE PARAMETERS--LAKE MICHIGAN

IW=90.5

AW=50000.0E6
AS5=56000.0E6

Q=60.0E9

VI-.3%365,

Vo-.195%365.

VR-0.0

AM=30000.0F6

Z8=1./100.

PHI=.80

RHOO=1.2T7E6

RHOI=2.5E6
PSl=6.0E12

WP=6,0E12

39



OO OO0

(@]

OOOO0 (@]

(@]

(ep)

(@]

(@]

(ep)

KREM=,.001
KDIP=.001
PARA=,33333
APD=10.

VTW=AW*ZHW
VIM=AM¥I5(1)/100.

MODEL PARAMETERS

NUMBER OF SEGMENTS (MULTIPLES OF TEN ARE BEST FOR OUTPUT)

NS-30

PRINT STEP
TP-1.

TIME STEP
TC-. 005

NUMBER OF YEARS OF SIMULATION
NYR-25.

YEAR AT TIRE ZERO
TIME(1)=1953.

CONTAMINANT PARAMETERS--PLUTONIUM
DECAY RATES
KRW=0,
KRS=0.

PARTITION COEFFICIENTS
KDOIW=5,0E5
KDOW=5,0E5
KDIM=2.0E4
KDOM=2.0€E%

DIFFUSION COEFFICIENT
EM=1,21E-5
ES=EMYPHI*%2

VAPORIZATION RATE
vv-0.0

INITIAL CONCENTRATIONS

CW=0.

CTWw(l)=CHW

DO 10 E=14N5
CM{I1)=0.
CTM{1l,I)=CM{I}

10 CONTINUE
CMINS+1)=CMINS)

LOADING
CONY-I.0
DO 301=14+99
READ{(L+1010)TX{I)sdW(])
IF(EDFCLY)40.20
CONVERT FCI/CM*¥2/YRTOCI/YR
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OO0

OO0 [@Xe®] OO0

[@Xe]

2 OWWII)=WW{I)*1l.0E—-L5%AS*100%*
30 CONTINUE
INTERPOLATE FOR NO-LOAD YEARS
40 TTX(L1y=TX{(1)
WC(L)=WHW(l)
[=2
NY-NYR
DO 60 J=w2sNY
TIX(J)aTTX(I=-1)+TP
IFCTTX{J) LELTXLEIIGO TO 50
I=1+1
50 WC(JI=WH{I-L)+(WW{I)-WH{I-1}
60 CONTINUE

CONVERSIONS
ES=ES*60.%60,%24.%365./(100.%
KDIW=KDIW/1.0ED
KDOW=KDOW/1.0Eb
KDIM=KDIM/1.0E®
KDOM=KDOM/1.0ES

DO 70f=1+NS

I5¢1)=25{1)/100.
70 CONTINUE

IS5{NS+1)=2S5(NS)

PRINT LAKE PARAMETERS
WRITE(6y1020)05AS9AW sAMy2W, VD

PRINT CONTAMINANT PARAMETERS
WRITE(631030)KRW»KRS +KDOWsKD1

SOLIDS BUDGET

PAR(1)=PSI $PAR(2)=Q
PAR(5)=VR $SPAR(H ) =AM
PAR(9)}=APD $PAR{10}=RHOO

PAR{13)=PARA SPARL14}=KDIP

ZSYSTM PARAMETERS
EPS=1.0E~6
NSIG=6
ITHAX=10
N-b
X(1) - 377100
X(2})=18790.
X{3)=8,0186
X{4)=1.0840
X(51-.1703
X{6)=,4647E~3

2/CONY

FACTXLD)=TXAI=10)*(TTXLI}=-TX(I-1))

100.)

sVIsVRyZB+PSIsWPsKREMyKDIP+PARASAPD

WeKDOMaKDIMIESSVY

$PAR(3)=VI $PARC4)=AM
$PAR(7}=RHOL $PAR(8)=PHI
$PARCLL)=WP $PAR(12)=V0

$SPARCL5)=KREM $PAR(16)=VTHM

CALL ZSYSTMUSOLIDSEPSyNSIGaNsXs ITMAXsWAsPARy1ER)

POM=X(1)
PIM=X{2)
PTW=X(3)
SIw=X14)
PHI1=X{5)
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(@]

C

leXe]

OO0

[eNe)

(@]

P

YB=X(6)

RINT SOLIDS BUDGET RESULTS
WRITEL62040}PTWsPONPIMySINPHIIVE

PHIO=POM/ (APD#*RHOOD)

SIM=RHOI*PHII

SOM=RHOO*PHIO

SOW=PARA/ (L.+PARA+KDIP*SIW}*PTW/APD
FIN=KOIW*SIW/ (1o +KDIW*SIW+KOOW#50KW)
FOW=XKDOW*SOW/ (L +KDIW*SIW+KDOW*S50W)

FOWs (L.—-FOW-FTIHd)
FPWM=1.0/{PHI+PHII*RHOL*KDIM+PHIO*RHOO*KDOM)
FOM=PHI*FPWM

FUOM=KDOM#RHOQ#PHIO/ (PHI+KDIM*RHOI ¢ PHI I+KDOM*#RHOO*PHIO)
FIM=KDIM#RHOI*PHII/{PHI+KDIM*RHOI*PHI[ +KDDOM*RHOO*PHID)

INITIAL CALCULATIONS
MID-SEGMENT LENGTHS

IYY{1)=25(11}
IYY(2)=Z501)+25(2)/2.,

IYY{(1)=Z5{1)BECAUSELSTSEGI|S COMPLETELY MIXED

BO

DO BO I=34N5
IYY () =ZYY(I-1)+Z5(1-2)/2.+2Z5(1)/2.
CONTINUE

CALCULATION OF VMyZ+ALPHA AND BETA

120

130

140
150

P

P

DO 150 I=14N5
VMI{TI)=AM*ZS5(1)
IYYY(I{+1l)=2YY(I}#100.
IYYY{1}=0.
I(L I+l =(ZS{T)+ZS(1+1))/2.
ALCT I+#1)=ZSCI+0)/0ZS(T}+ZS5{1[+1)}
ALPHALL I +1) =1 05-ES*FPWH/(Z(1,1+1)%VB)
IF(ALPHALL,I+1).LEL.1.0)0G OTO120
ALPHA(I I+1)=1,0
GO TO 140
IF{ALPHA(TL »1#1).GY.AL(I+1+1))CD TO 130
ALPHACL,I+1)=AL(Is14+1)
IFCALPHA(IsI+#11.GEL045)GO TO 140
ALPHA(L»1+#1}=0.5
BETA(I»I+1)=la—ALPHA(L,I+1)

CONTINUE

ALPHA(Ll,2)=1.0

BETA{lsZ2)=1.—~ALPHA{L2)

RINT INITIAL CALCULATIONRESULTS
WRITE(641050)150WsSINsSOMySIMsFDNGFONWsFINaFPWMsFDMoFOMF [My PHIZPHIO

¥;PHI I

RINT SEGMENT LENGTHS AND WEIGHTEING FACTORS
NRITE16.10601
WRITE(O64L070)( T +ZSUI) s ALPHA(LsI+1)+4BETA(I91+1)sI=1,N5}

CALCULATION OF TIME STEP
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(@]

(@]

OO0

160

DO 170 I=14NS

TTOL}m e /(2. (ES*FPNMISZUTyI+1)* %2+ KRS=VB/Z( Lo I+1 )% (BETA(TI»I#1)-A
LPHAC(LI,I+1)))

IF(I.GT.Il GO TO160

THIN=TT{1}

IFCTMINGLETTULENIGO TO 170

TMIN=TT(I)

170 CONTINUE

TCC=TNIN

NCC=TP/TCLC

NCC=NCC+1

TCC=TP/NCC
IF(TCC.GT.TC)G O TO186
TC-TCC

PRINT TIME STEP OF INTEGRATION

180

WRITE(6,10803TC

INITIAL MASS

CAT |-0.
DO 1901=14NS
CMTI=CMTI+CMIII*VMII)

190 CONT INUE

INIT=CHEYTH+CMTI

INPUT-O.
OUTPUT-O.
FLUSH-O.
VAPOR-O.
DECAY-O.
SETTLE-O.

PRINT HEADING FOR BASS BALANCE RESULTS

WRITE(6+1090)

NP=NYR/TP+.000001
NC=TP/TC+.000001

START OF INTEGRATION

DO 270 J=1sNP
DO 250 K=14NC

IF{J.EQ.1) GO TO Z0OO
TIME{J)=TIME{J=1}¢TP

WATER COLUMN BALANCE

200

CHLD=WC(J)

CWFL=Q%CW¥*{-1.)

CHVV=YV*ASKFDWECHE(—1.)

CHOS=VO*AW*FOW*CUHF(-1.)

CHIS=VI®AWSF[WECHE(=1.)

CARE=VR*®AM¥CM(1)
CWOB=ES*®AM/{{ZB+Z5(1)1/2. )% (PHI*FPHN*#CMIL)-FOW*CH)
CWOR=PHIXES*AM/ (U IB+ZS{1))/2. 4% (FPHMECM({L)-FDW*CHW)
CHOK=KRW*VTA*CHH(~-1. |
DCWDT={CHLD+CWFL+CWYVACHOS+CHIS+CHWRE+CWDB+CHWDOK)/VTH
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OO0 'sXaks) aco

oo

o N el

C

C

MIXED SEDIMENT LAYER BALANCE
CMOS=CHDS*(~1.)
CHMIS=CWIS*(-1.)
CMRE=CWRE®{-1.)
CMSL=YB®AME{ ALPHA( Ly 2)%CM(L)+BETALL2*CM(2Z})*(~-1.)
CMDU=CWDB*({-1.)
CMDOB=PHI*ES*AM/Z{L 2 )*{(FPHMECM(2Z)-FPWM*CH(1))
CMDK(L)=KRS*YM{LI&CM{L1)*{~1.)
DCMODT (L) ={CMOS+CMIS+CMRE+CHMSL+CMDU+CMDB+CMDK(L))/VHLL)

REMAINING SEDIMENT LAYERS BALANCE
DO 210[+=24NS
CMSG=CMSL*{-1.}
CMSL=VEB*AME{ALPHA (T2 I+1)#CM(I I +BETA(L,[+1)*CH(I+1})*(-1.)
CMDU=CHDB¥(-1.)
CMDB=PHI#ESOAM/Z( 1+ T+1)*FPWMA{CH(I+1L)=-CM(1))
CMDK(I)=KRS*VM(I) *CM{T)*(~1.)
DCMDT (L )={CMSG+CMSL+CMDU+CHDB+CMDK (1)) /VHMIT)

210 CONTINUE

MASS BALANCE
LOADING
INPUT=INPUT+CWLD#TC

LOSSES
CDKI~0.
D 02201=1yN5
COKI=CDKI+CMDK(I)

220 CONTINUE
QUTPUT=DUTPUT={CWFL+CHVYV+CWOK+COKI+CHMSL)*TC

FLUSH=FLUSH-CWFL*TC
VAPOR=VAPOR-CHWVV*TC
DECAY=DECAY-(CWDK+CDKI)#TC
SETTLE=SETTLE-CMS_*TC

INTEGRATION
CW=CW+DCWDT*TC
D02 3 0I=1sNS
CHM(I)=CM{I)+DCMOT (1) *TC
230 CONTINUE

ACCUMULATION
CMTI=0.
DO 240 1I=14N3S
CHTI=CMTI+CMILI*VYMNLI)
240 CONTINUE
ACC={CWEVTW+CMTI)-INIT

250 CONTINUE

CTW(4)=CH
COW{J)=FOW*CH
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COWC(I)=FOW*CH
CIN(JY=FIW*CHW
VOW L $}=COWLJ) /50W
VINGDN=CIW(J)/SINW
CTHXtJ)=CTW(J)/1.0E-12
DO 260 [=14NS
CTMUJ I ¥=CNMLI)
CPWM(JaT)=FPWUM*CMIT)
VOM{JyI)=FOM*CMH(I) /(PHIO*RHOO)
VIMIJ, I =FIM#CM{I}/(PHITI*RHOD)
C
IF{J.LT.NP} GO TO 260
C PLOTYR =YEAR THAT SEDIBENT RESULTS ARE TO BE PLOTTED
PLOTYR-1973
PLOTYR=~PLOTYR-TIME(L) +1
CTMX{I+L)=CTM(PLOTYR,I)/1.0E-6
CPAMX(I+1)aCPWM{PLOTYRsI)/1.0E~12
VOMX{I+1)=VOMIPLOTYR,I)/1.0E-12
VIMX(L+1)=YIM(PLOTYRsI)/1.0E~12
260 CONTINUE
CTMX(LY=CTMX(2)
CPUMX(LY=CPWMX(2)
VONX(LI=VYOMX(2)
VIMX{(1}=VIMX(2)

270 CONTINUE

PRINT MASS BALANCE RESULTS

OFF- INPUT-OUTPUT

WRITE{6sL100) TIME(NP } s INPUTOUTPUT sDFF s ACC+FLUSHsVAPOR,DECAY,SETTL
0 E

PRINT CONTAMINANT BUDGET RESULTS
WATER COLUMN
WRITE(6,51110)
WRITE(G6+LL200{TIMELI}sWC(L)yI=1sNP}
WRITE(6+1130}
WRITE(OGsLL4O0(TIMECI)YSCTWIJ) yCOWCIDIsCIREID) yVIWLI )3 CORLI) s VOHT{S) 5 =
*¥14NP)

s N aNel

TOTAL SEDIMENT
WRITE(6,1150)
DO 290 K=13sNS,10
HukK +9
IF{MJLELNSIGO TO 280
M=NS
280 HWRITELGESLL60MLZYY(I)sI=KsM]
WRITE(6s1I70)(TIME(J)+(CTHI4s1)aI=KsM)yI=PLOTYR+PLOTYR)
WRITE(64+41180)
290 CONTINUE

C

C

C PORE WATER
WRITE(641190)
DO 310 K=14+N5s10
M=K +9
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(@]

OO0

IF{M.LE.NS)IGO TO 300
M=NS

30 OWRITE(65L160)CZYYII)y1=KsM)
HRITEI&;II?O)(TXHE(Jlg(CPHH(JsII.IiK;HIvJsPLUTYRoPLUTYR)
WRITE{651180}

310 CONTINUE

SOLIDS

WRITEL64+12001}

DO 330K=1yNSs5

M=K +4

IFCMLENS)IGO TO 320

M=NS

320 MWRITE(Hs1210){ZYYI(L)4i=KsM)

HRITE(&;IZZO)ITIHE(J)o(VUH(Jli’aVIH(JilloI'Kvﬂl7J'PL0TYR9PLOTYR)

330 CONTINUE

PLOT RESULTS
CALLRMAX(CTWXsNPsCHMAX)
CALL RMAX{WCsNPCLMAX)
CALLRMAXE{CTMXsNSsCHMMAX)
CALLRMAXICPWMXsNS+CPWMMAX]
CALLRMAX(YOMX 4NS,VOMMAX)
CHAX (L) =YOMMAX
CALLRMAXIVIMX+NSsYIMMAX)
CMAX (2)=VIMMAX
CALL RMAX{CMAX+2sCSMAX)
CSHAX=CSMAX/1.25

READ(3,1230) (PLTIME(I),PLCONCW(L}sl=149)
READ(391230} (DEPTHL{L)sPLCONCLIL)yI=14+8)
READG(351230) (DEPTHZUI)sPLCONCZ2{I)sI=1,0)
READ(3s1230) (DEPTH3(I)4PLCONC3(1)41I21,16)

CALL ID{"™LANG" 4}

CALL TEKTZN{"AUTOHC=YESsBAUD=2400+BATCHsCENTERTERM=40144ENDS",100
®)

CALL BGNPL({1)

CALL NOBROR

CALL PHYSOR{1.041.0)
CALL TITLE(MLOADINGSM;—~100s"TIME" 43" CURIES/YEARS" 100044 40)

CALL MESSAG("LAKE MECHIGAN——PLUTONIUMY"310043.055.5)

CALL XTICKS5{2)

CALL XINTAX

CALL GRAF (1950, +10.31980.+0.+s"SCALE"CLMAX)

CALL FRAME

CALL CURYE(TIME+WCyNP+0O)

CALL ENDGR{1)

CALL PHYSOR(A6.0+1.0)}

CALL TITLE("™WATER COLUMN CONCE™31009u 7 [ME™,44"E~12 CURIES/CU M3",1
‘009"-""-)

CAL I_ GRAF(195O..10.gl‘)BU.a0.1"SCALE",CHHAX)

CALL FRAME

CALLMARKER{2)
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CALLCURVE(PLTIMEPLCONCWs9+-1)
CALL CURYE(TIME+CTWXsNP+0)
CALL ENDGR (2)

CALL ENDPL (O}

CALL BGNPL(2)

CALL NOBRDR

CALLRESETI™XINTAX"™)
CALLPAGE(8.5+13.0)

CALL PHYSORI.6r1.251
CALLTITLE("TOTALCONC™34=104s"E~6 CURIES/CU M$™,100,"DEPTH (CMIS"™,1
(] 00,3.5,4.5J
CALLMESSAGI("LAKEMICHIGAN-~PLUTONIUM 19733"4100+4.18+6.0)
CALL GRAF{O.y™SCALE® yCMMAX 1100324904
CALL FRARE

CALL CURVE(CTMX,ZYYY $1640)

CALL ENDGR(1}

CALLPHYSOR(4.7y1.25%)
CALLTITLE("PORE WATER CONC",15s™E-12CURIES/CUMO FPHS",4100,"",
'1'3. 5".5'

CALLGRAFIOQ.y"SCALE" yCPHMMAX310.924+0.)
CALL FRAME

CALL CURYE(CPHMX »2ZYYY41640)

CALL ENDGR (2)

CALLPHYSOR{8.8+1.25)

CALL YITLEC(™SOLIDS CONC™4114"E=12 CURIES/GM OF SOLIDS™s100+™ Ms1,+3
® 5451

CALL GRAF(OQ«s"SCALE" +C5MAX+10e92.+0.1
CALL FRARE

CALL LINESP({2.]

CALL LINES("™ ORGANICS™,IPAX,1)

CALL LINES{™INORGANICS"sIPAKs2)

CALL LECLIN

CALL CURVEI{VYOMXsZYYY 4164+0)

CALL DASH

CALL CURYE(VIMXysZIYYY41640)

CALL RESET("DASH™)

CALL LEGEND(IPAKs2y1l.5+.35)

CALL 5SCLPIC(1l.2}

CALL MARKER{D)

CALL CURYE{PLCONCL+DEPTHLsB+-1)

CALL MARKER({2Z |

CALL CURVE{(PLCONCZ+DEPTHZs6Hs=1)

CALL SCLPIC(.5)

CALL MARKER(3)

CALL CURVE{PLCONC3yDEPTH3s1l64~1}

CALL ENDGR (3}

CALL ENDPL Q)

CALL DONEPL

999 STOP

C FORMAT STATERENTS

1010 FORMATI2F10.3)

1020 FORMATE"L"4///" . .+oLAKE PARARETERS-LAKE MICHIGAN. 44 s®//5Xs"0(C
*) M/YR} =",EL3.4/5Ks"AS(SQOR | =M,E15.4/5Xs™AW (SQ M) ="yE15.4/5X,
¥UAM (SQH | =", EL5.4/59Xs"IW (M) =P,F15,3/5X"V0 (M/YR) ="4F12.3/5X,y
*¥UYI O (M/YR) =",F12.3/5Xs"VR [M/YR) ="3F1l2.3/5Xs™IB (M) ="4F15.3/5Xs
*¥MPST (G/YR) =",E1l4.4/5X«"WP (MG P/YR) ="4E12,4/5X+s™KREN (/YR) =",F
¥10.47/5Xs"KDIP (CU M/G) ="y F7.4/5Xs"PARA ="3F1744+/5X»"APD (NP P/G)
* =", F8.2//)
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1030FORMATI™O0" 4™ . | WoCONTAMINANTPARAMETERS=PLUTONIUM . csaa™//5Xs"KRNW
¥U/YR) ="3F15.375X+"XRS (/YR)} =", F15.3/5X+"KDOW (CU M/G) =",F11.,3/5
® X, “KDIU (CUM/GY =",F11.37/5X:"KDOM (CU M/G) =",F11.3/5X+"KDIN (CU
*RIC) ="3F1143/5X4"ES (SO M/YR) =" FL3. 475X +"VV (M/YR) ="y Flb.4//7)

1040 FORMAT(" .. . eeSOLIDS BUDGETaaaeas™//5Xa™PTH (KG P/CU M) =", F
¥8.4/5X,"PON (HG PICU M) =",Fl2.475Xe"PIM (MG P/CU M) ="3F12.4/5X"
#SIWH (G/CU M) ="y Fll. 475Xy "PHII ="4F19.4/5X+"¥B (M/YR) ="y 18.4/77/)

1050 FORMAT( /" .. .es INITIAL CALCULATIONSa v aaas™//5Xs"S0W(G/CU N} =
¥",Fl5. 4I5Xs"SIH(G/CU|V J ="yF15.4/5Xs"PHIO*®*RHOD (G/CU M} =™,E1l3.4/
ES5X 4 "PHII#RHOI (G/CU H ="3E13.4/5Xs"FDH ="3E19.4/5X+"FOH ="3FE19.4/
® 5x+"FIn ="y E19.4/5Xs"FPHM =", ELB8.4/5Xs"FOM ="3E19.4/5Xs"FON =",E19
@ 4/5X+"FIR =%3E19,4/5Xs"PHI =" F15.4/5Xs"PHIO =" 3Fl4,4/5Xs"PHI]I ="
¥yFl4a.4/777)

1060 FORMATL//6Xa"SEGHMENT "3 6X+"SEGMENT DEPTH” 3 3Xs™ALPHA(I I ¢ )" 44X, "BET
AL 141"/ 1)

1070 FORMATI7X s 139 7XsF10.3311XsFbatte9XsFba%)

1080 FORMAT(///5X+"THETIRE STEP OF INTEGRATION (YEARS)="3F5,3//)

1090 FORMATI™0™ 4/// 36X 3" e eseeeanwsaMASS BALANCE RESULTSUCURIES) snnesy"
* B3N AT IME Y s TX oM INPUT ™ BX y"OUTPUT s 7 X" DIFFT 3 IX s "ACCUMNY 4 16Xy
UL USHM 38X s "VAPORY, SX s "DECAY" 48Xy "SETTLE"/)

1100 FORMAT(Z2XyF5.04s4F13.498X24F13.4)

1110 FORMAT{M1" o/ // /9% 3" eeansnseosaes LOADINGICURLES/YEAR). . . . . ... e s
¥ N 122X TIMER 412X ™" LOAD"/)

1120 FORMATU{Z21X4F5.0+49%XsF7.2)

1130 FORMATI®IM,//7/735X™ . . ... ... .... 2 CONCENTRATION IN THE WATER "
¥UCOLUMN . . . . . . . L. c ™I M TIME L1y "TOTAL " 39X, "DISS"510K,"
‘lNURG",?X,"INORG"!lGX,"ORG";9X9"0RG"’37X1"C[/CU MU, 7XL"CI/CU M, 7X
¥ yOCI/CU MY46Xs"CI/GR" 3 BXa"CI/CU MY,6Xs"CI/GR"/)

1140 FORMATU(22X4F54048XsE10e4934X9F104494X9Ei0.4s2X0ELl0e494X4ELO.492XsE1
¥0.4)

1150 FORMATIM™1" 3/ / /17X 3" evenasnsossnsssonsncaesl OTAL CONCENTRATION "“s"™IN
‘T H ESEDIHENT‘CURIES’CUHETER’...................'.",,,

1160 FORMATI(6Xs10F12.4/)

1170 FORMATI(1XsF5.032Xs10E12.4)

1180 FORMATI(™O"™)

1190 FORMATI"™L"™ 4// /20X s e ananssccnccnressa CONCENTRATION IN THE PORE”,”
® UATER(CURIES/CU METER OF PORE WATER) asussssesnnnannesa®//)

1200 FORMAT(™LI™///720Xe"™ . . . . .. ... ... ... ... CONCENTRATION ON THE "4"™50LID
[ J S(CUR[ESIGRAHOFSJLID’.;..-...:..-.-----"ISSXQ"‘URGANIC""’[NDRGAN
*1CHI" /)

1210 FORMAT(// /12X sFTa4y™ METERS"34({L0XsFT4s" METERS"™1/)
1220 FORMAT(F6e«0D92X12EL1e492X92E11ab92X92E12c432X32E11e%492X22ELLla%)
1230 FORMAT(2FT.1)

END
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FUNCTION SOLID(XsKsPAR)
DIMENSION X(b6) 4PAR(L16)
GO TO(10420+30440950460),4K

10 SOLID=PAR(1}-PAR(ZI$X(4)=PAR(II*PAR(4)*EX(4)I+PARISI*PARCOI*X(5)#PAR

o 1)
RETURN
2 0SOLID=PARLII#PAR(4) € X(4)—{PARLS)I+XLEI)#PAR(HI*X(5)#PAR(7)
RETURN
3 0SOLID=PAR(BI*X{5)+X{L)/{PAR(I)I¥PAR(LO})-1.
RETURN
4 0SOLID=PAR{LLI-PAR(2) #X(3)=PAR(L2I*PAR(L3)/ (L. +PAR(L3I)+PAR(14)*X(4)
£}6PAR(G)IEX(3)=PAR(II*PAR(LAI*X(4) /(1. +PARCLI3I+PARILAI*X{4))*PAR(A)
*EX(3)+PAR(SI*PAR(EI*IX{LI+X(2)])
RETURN
50 SDLID-PAR(IZ)*PAR(I]ll(1.+PAR(13)+PAR(1ﬁl*X(4))*PAR(4I‘X(3)*(PAR(5
[+X16JI+PARIGI*XI1I-PARII5SI*PARII6I*XIIJ

RETURN
60 SOLID=PAR{3I*PARI14)*X(41/ (1o *PARCLII+PARCL4I*X {4} I #PAR( 4} #X(3)-{P

EAR(S D+X(6) V¥PAR(G6I*X{2)+PARI151*PARILEI*X(1])
RETURN
END

SUBROUTINE RMAXCARRAY s NNN3s AMAX)
DIMENSION ARRAYL 70}
AMAX=ARRAY {1}

00 10I=2y¢NNN
IFCAMAXL.GTLARRAY(I))IGO TO 10
AMAX=ARRAY(I)

10 CONTINUE

AMAX =AMAX*1,.25

RETURN

END
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